Carbon Fiber Reinforced Polymer (CFRP) cables, due to their outstanding performance in terms of specific stiffness and strength, are usually found in civil construction applications and, more recently, in the Oil & Gas sector. However, experimental data and theoretical solutions for these cables are very limited. On the contrary, several theoretical and numerical approaches are available for isotropic cables (metallic wire ropes), some of them with severe simplifications, nonetheless showing good agreement with experimental data. In this study, experimental tensile results for 1×7 CRFP cables were compared to a simplified analytical model (assumed transversally isotropic) and to a 3D finite element model incorporating the experimental uncertainty in important input parameters: longitudinal elastic modulus, Poisson's ratio, static friction coefficient and ultimate tensile strain. The average experimental breaking load of the cable was 190.25 kN (coefficient of variation of 1.74%) and the agreement with the numerical model predictions were good, with an average-value deviation of -1.15%, which is lower than the experimental variations. The simplified analytical model yielded a discrepancy above 10%, indicating that it needs further refinement although much less time consuming than the numerical model. These conclusions were corroborated by statistical analyses (i.e. Kruskal-Wallis and Mann-Whitney).
INTRODUCTION
Carbon Fiber Reinforced Polymer (CFRP) cables present high stiffness-to-weight and strength-to-weight ratios, damping capabilities and high resistance to environmental degradation (Adanur et al., 2015) , being natural candidates for harsh environments such as offshore applications. While the cost of composite materials is generally greater than that of traditional structural materials, their extended life leads to reduced long-term costs (Fabbrocino et al., 2016) . Other benefits include low energy consumption during manufacturing, construction and execution processes (Dhand et al., 2015; Son et al, 2013; Wang and Wang, 2015) .
CFRP cables are traditionally manufactured by pultrusion using epoxy resin, allowing the use of long fibers and high fiber volume fraction. According to Meier (2012) , Meier et al. (1982) , Meier (1992) and Rohleder et al. (2008) , in order to encourage the use of composite cables in structural applications, it is necessary to fully study and understand their behavior, which could be translated as evaluating analytical solutions, constructing numerical models and executing experimental tests. Indeed, there is very limited experimental data in the literature for these cables and theoretical solutions still require further development.
On the contrary, several theoretical approaches have been developed for isotropic cables (metallic wire ropes), some of them with severe simplifications, nonetheless showing good agreement with experimental data. Costello (1997) extensively investigated isotropic cables developing analytical models based on beam theory. Unlike most of the previous analytical solutions, he treated the wires as rods, allowing bending and torsion stiffness analysis. Usabiaga and Pagalday (2008) , also using beam theory, developed an analytical solution for isotropic cables submitted to tensile stress considering rod rotation, but neglected the Poisson's effect, and verified a small difference with the results of Costello (1997) for Poisson's ratio of 0.0 and 0.3.
On the numerical field, Erdonmez and Imrak (2011) analyzed 6×7 Stranded isotropic cables using the FEM (finite element method). They investigated the minimum length to be modeled that could still give reliable results, saving computational time and allowing effective contact between wires. They concluded that wire contraction played a small role on the mechanical behavior. Jiang (2012) analyzed isotropic single-layered strand cables in pure bending considering plastic strain and friction and also achieved good agreement with Costello (1997) analytical solution. Ghoreishi et al. (2007) compared their FEM model results with experimental data for a 1×7 single-layered isotropic cable under axial loading, varying helix angle, and obtained small variations. They also analyzed the same cable using nine different analytical models, including Costello (1997) , with different considerations and assumptions, and reported satisfactory estimations of the elastic stiffness constants for lay angles below 20°.
Composite cables have been scarcely used in the petroleum sector. Jackson et al. (2005) used a spiral Carbon Fiber Composite Cable (CFCC) and ran tensile and cyclic fatigue tests with satisfactory results. However, they reported issues with the manufacturing process and no analytical or numerical model was used. Sparks et al. (2003) studied CFCC in the offshore industry, more specifically in TLP (tension leg platforms) used in ultra-deep waters, and reported advantages as: good fatigue resistance, high level of flexibility, safety due to the non-propagation of defects, and unlimited size for mooring.
Even if a state-of-the-art numerical model was available, the predictions could differ from experimental results as they, unlike the latter, do not include statistical variations (Grover et al., 2017) . And since quality of composite materials is severely influenced by the quality control of processes, operating conditions and environmental effects, uncertainties in input parameters can propagate through different modelling scales and significantly influence other parameters and the final output due to risk accumulation (Shaw et al., 2010) .
To allow associating experimental design to a virtual model simulation, the methodology of Design of Experiments (DEX) was applied in the analysis of tensile strength of a commercial 1×7 CFRP composite cable to account for uncertainties (Fong et al., 2013) . More specifically, the study focused on how carbon fiber composite cables responses in terms of tensile load and on the sensitivity analysis of the strength estimate to four main design parameters, ultimate tensile strain of the rod, longitudinal elastic modulus, Poisson's ratio and the static friction coefficient between rods/wires. This work is organized as follows, (ii) Experiments shows how the rods and cables were tested for ultimate tensile strain, longitudinal elastic modulus, Poisson's ratio and static friction, (ii) Simplified Analytical Model for Transversely Isotropic Material presents the equations used to describe the cable's behavior, (iii) Finite Element Model exhibits the numerical method and its boundary conditions, (iv) Results shows and analyzes the experimental data and its correlation with the models, and (v) our conclusions.
EXPERIMENTS
Standard 1×7 commercial CFRP cable was selected for this study. This cable is composed of six outer wires (3.5 mm diameter) helically twisted around a core of the same diameter. Nominal diameter of the cable is 10.5 mm and pitch length is 152 mm. Fiber volume fraction of the rods was experimentally determined according to the ASTM D3171 as 68%.
Tensile tests of the cables were performed according to the Japanese Standard JSCE-E 531 (1995) using a 170-ton horizontal testing machine ( Figure 1a ). The length of the anchor region at the cable ends, which was socketed with expansive cement, was 330 mm, and the central gauge region was 3360 mm long, as shown in Figure 1b .
Strain data was not collected in this test because it was not possible to attach strain gauges to the core rod of the cable which was closely surrounded by six other rods. Instead, a similar test program was performed for single straight CFRP rods (the core rod) to calculate ultimate tensile strain ( 1
Poisson's ratio ( 12  ). For this cable architecture, strain is maximum at its core, which is straight and takes more load (Costello, 1997; Erdonmez and Imrak, 2011) . Using ASTM-D3916, four samples were instrumented with strain gauges and tested in Instron universal testing machine. From these measurements, it was possible to use the invariant-based method proposed by Tsai and Melo (2014) , which introduced the master-ply concept (same trace-normalized unidirectional lamina stiffness properties). This is expected to yield good results for thermoset resins reinforced with high volume fraction of carbon fibers, which is adequate for the CFRP analyzed in this study.
The Static Friction Coefficient ( SFC ) used as input in the numerical modelling was obtained using a dedicated equipment for static friction analysis. Since the contact area between two cylindrical rods is small and variable, which can lead to scattered results, the rods were cut longitudinally, producing two halves, and one of them received an extra cut to produce a flat bottom surface to allow fixing to the equipment. The top half was positioned over the bottom half as shown in Figure 2 and their position was monitored with laser sensor, which detects when the top half starts to slide over the fixed bottom half. Ten pairs of samples (top and bottom) were tested with 5 SFC measurements for each pair. 
SIMPLIFIED ANALYTICAL MODEL FOR TRANSVERSELY ISOTROPIC MATERIAL
The analytical model used in this study is a simplified model based on Costello (1997) , adapted for a transversely isotropic material. Since the rods used in the CFRP cables were produced by pultrusion, where all the fibers are aligned in the same direction and homogeneously distributed within a circular cross-section, the transversely isotropic symmetry was chosen to describe them.
The 1×7 cable is the sub-element of more complex wire ropes. Therefore, this model consists in the use of kinematics of a thin wire to get the equilibrium equations. The full based analytical model, with all the assumptions, limitations and original equations can be found in Costello (1997) . Figure 3 shows the loads acting on the cable (a) and on a single helical rod (b), and Equations (1)-(8) describe the static response of a 1×7 stranded cable, which, in this study, differs from the original Costello (1997) 
where  is the helix (lay) angle; N is the shearing force on a wire cross section;  is the twist per unit length; T is the axial tension in the wire; X is the component of the external line load per unit length of the centerline of the wire in the 1 direction; k is the curvature; G is the bending moment on a wire cross-section; H is the twisting moment in the wire; K is the external moment per unit length of the centerline; F is the total axial force; . The subscripts 1, 2 and 3 refer to the components in the 1, 2 and 3 directions, respectively, while c and ow refer to core and outside wires, respectively. 
FINITE ELEMENT MODEL
The numerical finite element model was developed within the commercial finite element platform Abaqus TM using a tetrahedral mesh with ten-node linear brick elements and three degrees of freedom per node (C3D10 in Abaqus TM mesh library) as seen in Figure 4a . The 1×7 Stranded cable geometry was modeled using 10,533 nodes and 32,075 elements. The orthotropic material of each wire in the strand was oriented with its fiber axis set along the helix axis, as seen in Figure 4b . Surface-to-surface contact type was defined between surfaces of adjacent wires of the strand, 12 pairs in total, and one of them is highlighted in Figure 4c . Friction was taken into account in the contact based on the static friction coefficient. Boundary conditions considered built-in restrictions in both cable ends, but allowing torsion rotation along the longitudinal (z) axis at one end. Pure tensile stress loading was applied and maximum strain failure criterion was considered in all numerical simulations, using 1 u t  as failure parameter. Table 1 presents the tensile breaking loads of four 1×7 CFRP cable specimens (mean value of 190.25 kN). Table 1 also shows the results from single straight CFRP rods, with mean longitudinal elastic modulus, major Poisson's ratio and ultimate tensile strain of 141.6 GPa, 0.28 and 1.64%, respectively. From the friction tests, the mean SFC was 0.61. These results for longitudinal elastic modulus, Poisson's ratio and ultimate tensile strain for the single rod are in agreement with others studies using similar rods for cable structures (Adanur et al., 2015; Meier, 2012; Cai and Aref, 2015; Wang and Wu, 2010; Schmidt et al., 2010) . Table 2 shows the material properties estimated based on Tsai-Melo method for master-ply, these values are congruent with the available data for carbon / epoxy composites, which also can be seen in Tsai and Melo (2014) . Table 2 : CFRP rod elastic properties estimated using Tsai and Melo (2014) In order to insert probabilistic uncertainties into the simulations, both models incorporated variations in the main input properties. Uncertainty was represented by one standard deviation (   ) in: longitudinal elastic modulus, Poisson's ratio, and SFC . Maximum tensile strain was adopted as failure criteria, which means that each simulation generated three different breaking loads considering the uncertainty of the ultimate failure strain ( 1
RESULTS
. Therefore, the numerical model produced a total of 81 strength results, and the simplified analytical solution, 27 strength results (it did not include friction), as shown in Table 3 . Run-27 46 195.33 213.19 Considering the full population for each approach, the numerical model presented an average load break of 188.1 kN (  of 15.39 and CV of 8.18%), with an average-value difference of -1.15% compared to experimental results. The average-value difference for the simplified analytical model is 10.31%, with an average breaking load of 212.12 kN (  of 17.80 and CV 8.38%). Figure 5 displays these results.
The smaller difference presented by the numerical model can be justified by its higher complexity, since it considers a 3D geometry, friction and nine elastic constants. Results from the analytical model indicates that it needs refinement, nonetheless, the numerical model is much more time-intensive than the analytical model. As for the statistical analysis, a Kolmogorov-Smirnov test was applied in order to check the hypothesis of normality. Levene's test was also applied to check the hypothesis of homogeneity of variance. The p-value from both tests was less than 0.05 (Table 4 ), indicating that: (i) the data set is non-parametric and (ii) there is no equality of variances in at least one group. Therefore, only non-parametric tests were applied so forth.
In order to check for statistically significant differences between results, a Kruskal-Wallis H test was applied. The p-value was less than 0.05 indicating that there is significant difference between at least one model compared to the experimental results. To find out which group is different, a Mann-Whitney U test was used, and the results can be seen in Table 4 . This analysis indicates that there is no significant difference between experimental and numerical results (p-value of 0.852). However, significant difference was found for the analytical model (p-value 0.022). That is, the numerical result was similar to the experiment, but they both differed from the analytical model.
Lastly, in order to verify sensitivity of both models to individual parameters, another Kruskal-Wallis H test was applied. The numerical data was organized into three groups: (i) Runs 5, 14 and 23, (ii) Runs 11, 14 and 17, and (iii) Runs 13, 14 and 15; and the analytical data into two groups: (i) Runs 4-6, 13-15 and 22-24, and (ii) Runs 10-12, 13-15 and 16-18. The results indicate that are no difference between the groups for both models (p-value 1.00 for both analyses). That is, the individual parameters give similar contribution to the model's results. 6 CONCLUSIONS CFRP cables have a great potential to be use in high performance applications for different engineering fields. Experimental tensile testing was conducted in 1×7 CFRP cable specimens resulting in average breaking load of 190.25 kN (  of 3.31 kN and CV of 1.74%). Simplified analytical and more comprehensive finite element numerical models were developed to estimate cable strength, and probabilistic uncertainties were inserted for both models. The numerical model correlated well with the experimental data, presenting an average-value difference of -1.15%. On the other hand, the analytical model presented an average-value difference above 10%, indicating that it needs refinement, nonetheless being much less time consuming than the numerical model. Statistical analyses indicated high evidence that the numerical result is equal to the experimental one, but not the analytical result. Moreover, the results from both models are not sensitive to the individual parameters investigated (ultimate tensile strain of the rod, longitudinal elastic modulus, Poisson's ratio and static friction coefficient between rods/wires), and all inputs carried similar contribution to the results.
